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ABSTRACT
We study the orbits of dwarf galaxies in the combined presence of the Milky Way and LMC
and find 6 dwarfs which were likely accreted with the LMC (Car 2, Car 3, Hor 1, Hyi 1,
Phe 2, Ret 2), in addition to the SMC, representing strong evidence of dwarf galaxy group
infall. This procedure depends on the gravitational pull of the LMC, allowing us to place a
lower bound on the Cloud’s mass of MLMC > 1.24 × 1011M if we assume these are LMC
satellites. This mass estimate is validated by applying the technique to a cosmological zoom-
in simulation of a Milky Way-like galaxy with an LMC analogue where we find that while this
lower bound may be overestimated, it will improve in the future with smaller observational
errors. We apply this technique to dwarf galaxies lacking radial velocities and find that Eri 3
has a broad range of radial velocities for which it has a significant chance (> 0.4) of having
been bound to the Cloud. We study the non-Magellanic classical satellites and find that Fornax
has an appreciable probability of being an LMC satellite if the LMC is sufficiently massive,
∼ 2.5 × 1011M. In addition, we explore how the orbits of Milky Way satellites change in the
presence of the LMC and find a significant change for several objects. Finally, we find that
the dwarf galaxies likely to be LMC satellites are slightly smaller than Milky Way satellites
at a fixed luminosity, possibly due to the different tidal environments they have experienced.
Key words: Galaxy: kinematics and dynamics, Galaxy: evolution, galaxies: Magellanic
Clouds
1 INTRODUCTION
The hierarchical structure formation paradigm states that the small-
est objects collapse first, and then merge to create larger and larger
systems (White & Rees 1978). A natural consequence of this is
that galaxies like our own are surrounded by a plethora of dwarf
satellites. In addition, it suggests that many of these dwarfs should
themselves have formed by accreting less massive objects and thus
may host their own, even smaller, galaxy companions.
The Magellanic Clouds have long been considered a possi-
ble example of group infall (e.g. Avner & King 1967; Lynden-Bell
1976) with tentative evidence of associated satellites (e.g. Lynden-
Bell & Lynden-Bell 1995; D’Onghia & Lake 2008; Sales et al.
2011). Recently, the Dark Energy Survey (DES) has mapped out
a large fraction of the Southern Galactic hemisphere which uncov-
ered a plethora of dwarfs close to the LMC (e.g. Koposov et al.
2015a; Bechtol et al. 2015; Drlica-Wagner et al. 2015b). This is in
stark contrast to their distribution in the Northern Galactic hemi-
sphere where they show little clustering. Motivated by this differ-
ence, Jethwa, Erkal & Belokurov (2016) modelled the expected
distribution of satellites that the LMC and SMC would bring to
the Milky Way. Their models found an excess of satellites was ex-
pected near the Magellanic Clouds as well as along the past and
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future orbits of the LMC. Similary, Sales et al. (2017) used a cos-
mological simulation of a Milky Way-like halo with an LMC ana-
logue to predict the location and kinematics of the LMC satellites.
Based on the exquisite proper motions from Gaia DR2, Kalli-
vayalil et al. (2018) investigated which of the known satellites be-
longed to the LMC. Their approach is based on comparing the cos-
mological simulation of the LMC’s infall from Sales et al. (2017)
with the satellite population observed today. They found four satel-
lites which were consistent with their criteria for the expected pop-
ulation of the LMC satellites. Given that this work was based on a
single simulation, it is unclear how the results would change if, for
example, the properties of the LMC or the Milky Way were altered.
In order to address this, this paper tackles the same problem
with a different technique. Instead of forward modelling the LMC
satellites to the present (as in, e.g. Jethwa, Erkal & Belokurov 2016;
Sales et al. 2017; Kallivayalil et al. 2018), we will rewind the satel-
lites from their present day positions and determine which satellites
were originally bound to the LMC. This approach has several ad-
vantages. First, we can explore a large parameter space by varying
the properties of the LMC. Second, we can determine what LMC
mass is needed to bind each of the satellites in order to constrain
the LMC mass. Third, this method can be used to estimate the orbit
of each satellite relative to the Milky Way and the LMC. Finally,
this independent technique provides a useful check of the results in
Jethwa, Erkal & Belokurov (2016); Kallivayalil et al. (2018).
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This rewinding technique was originally used in Kallivayalil,
van der Marel & Alcock (2006); Kallivayalil et al. (2013) in order
to determine whether or not the LMC and SMC were accreted as a
pair. It is also similar to the method presented in Price-Whelan et al.
(2014). An important difference introduced here is that we also ac-
count for the motion of the Milky Way in response to the LMC’s in-
fall. This effect was first highlighted in Go´mez et al. (2015). Given
the large LMC mass inferred from abundance matching (Behroozi,
Wechsler & Conroy 2013; Moster, Naab & White 2013), the tim-
ing argument with Andromeda (Pen˜arrubia et al. 2016), and from
its deflection of the Orphan stream (Erkal et al. 2019), this effect is
essential to include.
This paper is organised as follows. In Section 2 we describe
the rewinding method and then apply it to 32 ultra-faint dwarf
galaxies and the classical satellites. Additionally, in order to test
the technique, we apply it to a cosmological zoom-in simulation in
Section 3. We discuss some implications of these results in Sec-
tion 4 and then conclude in Section 5.
2 METHOD
2.1 Satellite properties
Gaia DR2 (Gaia Collaboration et al. 2018a) has delivered a
plethora of data on the Milky Way. Shortly after the data release,
a number of works measured the proper motions of dwarf galaxies
around the Milky Way (Simon 2018; Fritz et al. 2018; Pace & Li
2019). Using these proper motions, combined with radial velocities
measured from other studies, we have a sample of 25 ultra-faint
dwarfs with 3d positions and 3d velocities (see Tab. A1). For the
LMC properties, we use a distance of 49.97±1.126 kpc (Pietrzyn´ski
et al. 2013), a radial velocity of 262.2 ± 3.4 km/s (van der Marel
et al. 2002), and a proper motions of µ∗α = 1.91 ± 0.02 mas/yr,
µδ = 0.229 ± 0.047 mas/yr (Kallivayalil et al. 2013).
In Figure 1 we show the relative position and velocity of these
satellites with respect to the LMC. The curves show the escape ve-
locity curve assuming different masses for the LMC. In each case,
the LMC is treated as a Hernquist profile (Hernquist 1990) with a
scale radius such that the circular velocity at 8.7 kpc matches the
observed value of 91.7 km/s (van der Marel & Kallivayalil 2014).
Interestingly, this figure shows that there is a population of satel-
lites which are close in both position and velocity to the LMC. We
stress that we do not use the present day position in phase space
to determine whether each satellite belongs to the LMC but rather
rewind the satellites in time as described below.
In addition, there are 7 dwarfs which only have proper mo-
tions but no radial velocity measurements. For these dwarfs, we
will sample over the possible radial velocities to determine whether
there exist any radial velocity for which they could be associated
with the LMC. Finally, we also repeat our analysis on the classical
Milky Way satellites.
2.2 Probability of being an LMC satellite
In order to determine whether each satellite was originally asso-
ciated with the LMC, we Monte Carlo sample its 6d phase space
position by sampling the distance, radial velocity, and proper mo-
tion (including covariance) using (multivariate) Gaussian error dis-
tributions with means and standard deviations given by the values
in Table A1. We similarly Monte Carlo the LMC’s 6d position and
rewind the satellite and LMC for 5 Gyr. This rewinding is done in
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Figure 1. Relative position and velocity between the LMC and ultra-faint
dwarfs at the present. Somewhat unsurprisingly, the 7 satellites closest in
position and velocity to the LMC (filled, dark blue symbols) are the ones
which we find to be most likely to have fallen in with the LMC. Tuc 2 and
Tuc 3, which are closer to the LMC than Hor 1, are not associated with the
LMC. The classical dwarfs are shown in grey with two of the closest dwarfs
in phase space, Carina and Fornax, labeled (see Sec. 2.5 for more details).
Note that we limit this plot to dwarfs within 150 kpc of the LMC and thus
do not show Eri 2, Her 1, Leo 1, Leo 2. We stress that the determination
of whether each satellite is bound is determined by integrating their orbits
backwards in time and not just using their present day position and velocity.
The dotted, dashed, and solid lines show the escape velocity curves for a
5× 1010M, 10× 1010M, 15× 1010M LMC respectively with scale radii
set as described in the text.
a Milky Way potential similar to MWPotential2014 from Bovy
(2015). Namely, we model the dark matter halo as an NFW profile
(Navarro, Frenk & White 1997) with a virial mass of 8 × 1011M,
a scale radius of 16 kpc, and a concentration of 15.3. We use a
Miyamoto-Nagai disk (Miyamoto & Nagai 1975) with a mass of
6.8×1010M, a scale radius of 3 kpc, and a scale height of 0.28 kpc.
For the bulge we use a Hernquist profile with a mass of 5 × 109M
and a scale radius of 0.5 kpc. This bulge has the same mass as
the bulge in MWPotential2014 from Bovy (2015) but we have
changed the profile for computational efficiency.
Once the satellite and LMC have been rewound, we compute
the energy of the satellite relative to the LMC is then computed
to determine whether the satellite was energetically bound. At this
time, the LMC is typically quite distant from the Milky Way (∼ 650
kpc for a 1.5 × 1011M LMC) and thus this also effectively selects
satellites which were close to the LMC at this time. If the LMC
reaches apocenter during the 5 Gyr interval, we stop the rewinding
procedure and compute the energy at that time. This is motivated
by the assumption that the LMC is on first approach to the Milky
Way (e.g. Besla et al. 2007; Kallivayalil et al. 2013). We have tested
that the probability that a satellite is associated with the LMC does
not depend sensitively on this choice of integration time. We have
repeated our analysis with rewinding times of 3 Gyr and 7 Gyr and
found that the probabilities of being an LMC satellite change by
∼ 3% on average.
This procedure is repeated 10,000 times for each satellite and
LMC mass combination. During this rewinding, we include the dy-
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namical friction of the Milky Way on the LMC using the prescrip-
tion in Jethwa, Erkal & Belokurov (2016).We also account for the
motion of the Milky Way in response to the LMC which can move
it a significant amount (e.g. Go´mez et al. 2015; Erkal et al. 2019).
We note that neither the LMC nor Milky Way tidally deform dur-
ing their interaction but rather are treated as rigid potentials. Each
dwarf is treated as a massless tracer under the combined influence
of the Milky Way and LMC.
We consider a grid of LMC masses: 2, 5, 10, 15, 20, 25, 30 ×
1010M. This lower limit is motivated by the mass constraint within
8.7 kpc from van der Marel & Kallivayalil (2014) and the upper
limit is motivated by the LMC mass inferred in Pen˜arrubia et al.
(2016) based on the nearby Hubble flow and the timing argument
with Andromeda. The LMC is modelled as a Hernquist profile
(Hernquist 1990) with a scale radius such that the circular velocity
is 91.7 km/s at 8.7 kpc as observed by van der Marel & Kallivayalil
(2014).
In Figure 2 we show the probability of being bound to the
LMC as a function of the LMC’s mass. We find two distinct pop-
ulations, one which shows a significant probability of being bound
even for modest LMC masses. We postulate these to be LMC satel-
lites. The second population shows a low chance of being bound at
low LMC masses which increases with LMC mass but only reaches
a modest probability even for the most massive LMC we consider.
We conclude that these are the Milky Way satellites. Interestingly,
some of the LMC satellites (Hor 1, Car 2, Car 3, and the SMC) have
a non-zero probability of being bound even with the lowest LMC
mass considered suggesting that these sit deep in the potential of the
LMC. The binding probabilities for an LMC mass of 1.5 × 1011M
(motivated by the results of Erkal et al. 2019) are given in Table 1.
In order to determine how sensitive these results are to the
uncertainty in the mass and profile of the Milky Way, we repeat
the analysis with a 25% more massive Milky Way halo, 1012M.
Motivated by the Milky Way mass measurements from Erkal et al.
(2019), we increase the Milky Way halo’s scale radius to 19 kpc to
be consistent with their constraints. We note that this 25% change
in the mass is larger than the 1σ uncertainty in the Milky Way mass
from Erkal et al. (2019). Across all of the satellites, we find that the
binding probabilities change by 1% on average with a maximum
change of 5%. Thus, our results do not appear to be very sensitive
to the mass of the Milky Way given current constraints.
2.3 Mass of the LMC
Next, we use the likely LMC satellites to estimate the mass of the
Cloud. This is done by assuming that each of the 7 dwarfs with
a significant chance of being bound is truly an LMC satellite. For
each object, we make 10,000 Monte Carlo realizations of its orbital
evolution in the presence of the LMC. For each realization, we be-
gin with an LMC mass of 2 × 1010M and rewind the satellite and
the LMC as described above to determine whether it is bound. If
the satellite is not bound, we increase the LMC mass by 109M
and repeat the rewinding procedure. This is repeated until we find
an LMC mass for which this particular realization of the satellite is
bound. We call this the minimum mass needed to bind the satellite
since it would also be bound for a more massive LMC. If the LMC
mass exceeds 3 × 1011M, we classify the satellite as unbound and
move onto the next realization. This process then yields a distribu-
tion of the minimum LMC mass needed to bind the satellite.
In Figure 3 we show the distribution of the minimum mass
needed to bind the satellites considered. Of all the satellites, Phe 2
requires the highest LMC mass, 1.24×1011M. Although this mass
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Figure 2. Probability of being bound the LMC 5 Gyr ago as a function of
satellite mass for the ultra-faint dwarfs and the SMC. For each LMC mass,
we Monte Carlo sampled the satellite’s 6d phase space position (as well
as the LMC’s) and integrate the orbit backwards to determine whether the
satellite is bound. As the LMC’s mass is increased, we find that the satellites
are more likely to be bound. The colored curves show the probabilities for
the five likely bound satellites and the black curves show the probabilities
for the remaining 12 satellites. Interestingly, four of the satellites (Hor 1,
Car 2, Car 3, and SMC) have a non-zero probability of being bound even
with the lowest mass we consider, 2 × 1010M which is the observed mass
of the LMC within 8.7 kpc van der Marel & Kallivayalil (2014). In compar-
ison, the other 12 satellites, shown with black curves, have a significantly
smaller chance of being bound.
is larger than what has been measured in the inner part of the LMC
(van der Marel & Kallivayalil 2014), it is significantly less than
the mass measured using the Orphan stream (Erkal et al. 2019) or
the mass measured using the nearby Hubble flow and the timing
argument with Andromeda (Pen˜arrubia et al. 2016). Car 2 requires
the lowest LMC mass in order to bind it, consistent with its high
probability of being bound even for a low LMC mass (see Fig. 2).
The median LMC mass needed to bind each satellite can be found
in Table 1.
2.4 Satellites without radial velocities
This rewinding technique can also be used on satellites without ra-
dial velocities. In order to do this, we sample the proper motions
and distance from their observed distributions, and uniformly sam-
ple the radial velocities over the range -500 to 500 km/s. For each
satellite, we make 200,000 such samples and then bin the veloci-
ties with a width of 10 km/s. For each velocity bins, we compute
the probability of being bound to a 1.5 × 1011M LMC, and then
take the maximum probability across all of these bins. The results
are shown in Table 1. For the satellites with a maximum probability
above 0.4, we give the radial velocity range with this probability.
We see that there exist radial velocities for which Eri 3 would have
a high probability, 0.50, of being bound an LMC satellite. We note
that some of these satellites have large proper motion errors (e.g.
Hor 2 has errors of 0.42 mas/yr and 0.66 mas/yr) which will nat-
urally lead to a low probability of membership even for genuine
LMC’s companions. Thus, the membership probability for these
satellites should be revisited once better proper motions are avail-
able.
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Figure 3. Distribution of minimum mass needed to bind the satellites to
the LMC. We show the SMC and six ultra-faint satellites which have a
significant chance of being bound. In each panel, the dashed-red vertical
line shows the median LMC mass needed to bind the satellite. Phe 2 requires
the highest LMC mass in order to bind it, 12.4 × 1010M.
2.5 Classical dwarfs
In order to assess whether any of the other classical dwarfs could
have fallen in with the LMC, we repeat our analysis for them with
an LMC mass of 1.5 × 1011M and 2.5 × 1011M. The results are
shown in Table 1. We find that for a 1.5 × 1011M LMC, none
of the classical satellites (excluding the SMC) have an appreciable
probability of belonging to the LMC. Increasing the LMC mass to
2.5×1011M, we find that Fornax has the highest probability, 0.459,
of having been bound to the LMC in the past. Interestingly, Figure 1
shows that Carina is closer to the LMC in phase space than Fornax.
Despite this, Fornax has a significantly higher probability of being
bound to the LMC. This shows that the present day binding energy
can be misleading and one needs to either rewind the satellites as
done in this work, or model their stripping from the LMC (e.g.
Jethwa, Erkal & Belokurov 2016; Sales et al. 2017; Kallivayalil
et al. 2018).
This analysis thus provides a useful counterpoint to those
based on the orbital plane alignment of the classical satellites (e.g.
Pardy et al. 2019) which have suggested that both Carina and For-
nax may have originally been LMC satellites.
2.6 Globular clusters
In addition to dwarfs, we can also check if there are globular clus-
ters which were accreted along with the LMC. We repeat the same
analysis using the compendium of globular clusters with 3d posi-
tions and velocities from Vasiliev (2019). Note that this catalogue
does not include the 16 currently known globular clusters (e.g.
Georgiev et al. 2010) which were unambiguously associated to the
LMC due to their proximity. We find that none of the globular clus-
ters considered are consistent with an LMC origin, and the cluster
with the highest probability of membership is Pal 14 which has a
modest probability, 0.135 (for an LMC mass of 1.5 × 1011M). It
is unclear whether this lack of additional globular clusters is sur-
prising since the LMC already falls within the scatter of the virial
mass-globular cluster mass relation (e.g. Forbes et al. 2018). How-
ever, this scatter is quite large for galaxies in the mass range of the
LMC, thus indicating that there could be additional globular clus-
ters. Furthermore, it is possible that some of the ultra-faint dwarfs
which we find to be LMC satellites are in fact globular clusters (e.g.
Car 3, Torrealba et al. 2018).
3 TESTINGWITH A COSMOLOGICAL SIMULATION
In this section we test this method of identifying LMC group mem-
bers in a cosmological zoom-in simulation of a Milky Way-like
halo with an LMC analogue at the present. This simulation is de-
scribed in Jethwa, Erkal & Belokurov (2018) and is evolved with
the N-body part of gadget-3 which is an updated version of gadget-
2 (Springel 2005).
In order to compare with the LMC, we choose the snapshot
shortly after the pericenter of the LMC analogue. This occurs at
a scale factor of 0.96 which corresponds to a lookback time of
0.5 Gyr. At this time, the Milky Way-analogue has a virial mass
of 8.77 × 1011M, a scale radius of 20.5 kpc, and a concentra-
tion of 12.1. In the rewinding procedure, we use these values for
the Milky Way potential at all times. At the same scale factor, the
LMC analogue has a mass of 7.01 × 1010M and a peak mass of
7.96 × 1010M. For consistency, we treat the LMC as a Hernquist
profile which matches the circular velocity, 69 km/s, of the LMC-
analogue at a given radius which we choose to be 5 kpc.
We select the 20 closest satellites to the LMC in distance. 14 of
these were originally LMC satellites given that they were within the
LMC’s virial radius before the LMC was accreted onto the Milky
Way. For each satellite, we make mock observations from the loca-
tion of the Sun. We include an error in the distance (6.4% distance
error), radial velocity (1.15 km/s), and proper motions (0.1015,
0.098 mas/yr in µ∗α, µδ respectively) based on the median errors in
our sample of dwarfs. This is also done for the LMC-analogue with
errors from the LMC observations in the literature.
The position and velocity of these satellites relative to the
LMC is shown in Figure 4. For reference, the escape velocity
curves of the LMC-analogue given its peak mass (present-day
mass) is shown as a solid-black (dashed-black) line. Interestingly,
many of the LMC satellites are energetically unbound at the present
day. This difference is due to the tidal field of the Milky Way-
analogue. This highlights the fact that using the present-day escape
velocity could lead us to miss a large fraction of the LMC satellites.
Given the mock observations made of these satellites, the ap-
proach is identical to what is described in Section 2. First, we cal-
culate the probability of being bound to the LMC-analogue as a
function of its mass and then compute the distribution of masses
needed to bind each satellite. As a test of the method, we com-
pute the probability of being bound to the LMC-analogue using the
peak mass of the LMC (7.96 × 1011M) and encircle these with a
red, blue, green ring in Figure 4 if the probability is greater than
0.5, 0.4, 0.3 respectively. For these probability thresholds, we re-
cover 7, 12, 13 out of 14 LMC satellites respectively. This figure
shows that the method presented in this work can distinguish be-
tween Milky Way and LMC satellites close to the LMC with a high
fidelity. Indeed, the Milky Way satellite with the highest chance of
belonging to the LMC only has a 28.5% chance of being an LMC
satellite. As expected, the technique performs better for satellites
closer to the LMC in phase space, but it is also capable of cor-
rectly classifying LMC satellites which are unbound at the present.
We note that the technique fails for the most distant mock LMC
satellite which only has a 17.8% chance of being an LMC satellite.
Since we are using a fixed uncertainty in the mock observables, this
makes sense since the most distant satellite from the LMC will have
the most uncertainty in its orbit. In order to check this, we repeated
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Likely LMC satellites
Satellite pLMC(1.5 × 1011M) MLMC (1010M)
Car 2 0.972 2.0
Car 3 1.0 2.4
Hor 1 0.753 5.8
Hyi 1 0.996 5.1
Phe 2 0.532 12.4
Ret 2 0.643 9.5
SMC 0.785 7.7
Inconsistent with LMC origin
Satellite pLMC(1.5 × 1011M) pLMC(2.5 × 1011M)
Ant 2 0.030 0.148
Aqu 2 0.012 0.042
Boo 1 < 0.0001 < 0.0001
Boo 2 0.0007 0.045
Com < 0.0001 0.007
Cra 2 0.007 0.149
Dra 2 0.015 0.034
Eri 2 0.001 0.002
Gru 1 0.017 0.079
Her 1 0.014 0.092
Hya 2 0.045 0.121
Seg 1 0.016 0.048
Seg 2 < 0.0001 < 0.0001
Tri 2 0.006 0.064
Tuc 2 0.124 0.179
Tuc 3 0.078 0.217
UMa 1 < 0.0001 < 0.0001
UMa 2 0.0007 0.002
Wil 1 < 0.0001 0.0004
Carina 0.004 0.125
Draco 0.087 0.090
Fornax 0.128 0.449
Leo 1 0.132 0.181
Leo 2 0.073 0.232
Sagittarius 0.002 0.031
Sculptor < 0.0001 0.281
Sextans < 0.0001 0.034
Ursa Minor 0.002 0.096
Satellites with missing radial velocity
Satellite max(pLMC) vr with pLMC > 0.4
Col 1 0.054 −
Eri 3 0.50 [50,200] km/s
Gru 2 0.15 −
Hor 2 0.20 −
Pic 1 0.18 −
Ret 3 0.0005 −
Tuc 4 0.28 −
Table 1. Summary of results in this study. Top table shows the likely satellites of the LMC. The second column shows the probability of having been bound
to the LMC assuming at LMC mass of 1.5 × 1011M. The third column shows the median LMC mass needed to bind each satellite. Middle table shows
satellites which have a low probability of being LMC satellites. For each satellite, we give the probability of having been bound to a 1.5 × 1011M. Bottom
table shows satellites which lack radial velocity information. The second column there shows the range of radial velocities for which the probability of being
an LMC satellite is larger than 0.5 assuming an LMC mass of 1.5 × 1011M. If the probability never rises above 0.5, the radial velocity is left blank.
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Figure 4. Relative position and velocity between the LMC analogue and
dwarf galaxy analogue in our cosmological simulation. The solid line shows
the escape velocity curve when the LMC-analogue achieved its peak mass
and the dashed line shows the escape velocity curve at the present. The
colored rings show the probability of having been bound when using the
peak mass of the LMC. Interestingly, many of the LMC’s satellites are en-
ergetically unbound with respect to the LMC-analogue. Thus, using only
the present-day position and velocity would lead to an overestimate of
the LMC’s mass. We also see that this method does a good job separat-
ing the Milky Way satellite closest to the LMC. This satellite only has a
28.5% chance of belonging to the LMC despite appearing to be energeti-
cally bound.
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Figure 5. Minimum mass needed to bind satellites to the LMC analogue
in the cosmological simulation. The red histogram shows the median mass
needed for LMC satellites while dashed-blue histogram shows the mini-
mum mass needed for Milky Way satellites. The vertical dashed-black line
shows the peak mass of the LMC in the simulation. While 8 of the true LMC
satellites require a mass less than the LMC’s peak mass, 6 require a higher
mass. Thus, with the current errors, it is possible that the LMC mass will be
overestimated with this technique. Furthermore, if a Milky Way satellite is
misclassified as an LMC satellite, this will also lead to an overestimate of
the LMC mass.
the analysis with observational uncertainties half as large and found
a binding probability of 53.4%. Finally, this figure also advocates
that even satellites with a relatively modest probability of being an
LMC satellite (pLMC > 0.3) should strongly be considered.
We also compute the distribution of minimum LMC masses
needed to bind each mock satellite as in Section 2. This distribu-
tion is shown in Figure 5 with the satellites of the LMC analogue
shown in solid-red and the satellites of the Milky Way analogue
shown in dotted-blue. We see that 6 out of 14 satellites of the LMC
analogue have median binding masses larger than the peak mass of
the LMC analogue. This shows that the LMC mass estimate in Sec-
tion 2 may be overestimated. We note this mass estimate depends
on the size of the observational errors of the dwarf properties. If the
errors are large then a significant fraction of the realizations will be
unbound when using the true mass of the LMC. Applying the same
technique on the satellites of the Milky Way analogue gives signif-
icantly higher LMC masses since the Cloud must strip them from
the Milky Way during the rewinding process.
Finally, our mock dwarf catalogue allows us to test how this
satellite classification will look with reduced errors from the future
observations. In order to assess this, we repeat the analysis assum-
ing errors which are half as large in distance, radial velocity, and
proper motion. With these reduced errors, the Milky Way satellite
with the highest probability of belonging to the LMC given the
LMC’s peak mass only has pLMC = 0.097. Furthermore, all but 3
LMC satellites have pLMC > 0.5. Thus, as the data quality improves
in the future, this method will become more precise in distinguish-
ing LMC satellites from those of the Milky Way. This will also
improve the mass estimate of the LMC.
4 DISCUSSION
4.1 Comparison with previous works
After the discovery of the DES satellites, Deason et al. (2015)
used cosmological simulations to explore the expected properties
of LMC satellites. They used these results to assign each satellite a
probability of being an LMC satellite based on their distance from
the LMC. Interestingly, they assigned Ret 2 the highest probability
and Hor 1 the third highest probability. Overall, they predicted that
between 2 − 4 of the original 9 DES dwarfs were LMC satellites.
This agrees with well our result that 3 of these satellites likely be-
long to the LMC (Ret 2, Hor 1, Phe 2) and that there exist radial
velocities for which Eri 3 was originally bound to the LMC.
Yozin & Bekki (2015) also explored this association by
rewinding satellites in the presence of the Milky Way, LMC, and
SMC. They found that if the Magellanic Clouds were on first ap-
proach, the satellites of the LMC should inhabit a relatively small
range of distances, in broad agreement with the distances of the
DES satellites.
Without proper motions (and for many objects without the ra-
dial velocity), Jethwa, Erkal & Belokurov (2016) made predictions
as to which dwarfs were accreted with the LMC. Of their 7 highest
confidence candidates (pLMC > 0.7), we confirm that Hor 1, Ret
2, and Phe 2 are likely LMC satellites. We also find that there are
radial velocities for which Hor 2 and Tuc 4 have modest probabil-
ities (0.2, 0.28 respectively) of being an LMC satellite. However,
we find that Tuc 2 is very unlikely to be an LMC satellite. Among
their 5 medium probability candidates (0.5 < pLMC < 0.7), we rule
out Tuc 3 and Gru 1. The other 3 (Gru 2, Pic 1, Ret 3) are missing
radial velocities although we note that the maximum probability of
being bound for Ret 3 is 0.0005 and thus it is very unlikely to be an
LMC satellite.
Similarly, Sales et al. (2017) predicted the properties of LMC
satellites with known satellites and found that Hor 1 agreed with
the properties known at that time (i.e. without proper motions). In
addition, they found Hor 2, Eri 3, Ret 3, Tuc 4, Tuc 5, and Phe 2 had
on-sky positions and distances consistent with a Magellanic origin.
Of these, we confirm Phe 2 is likely an LMC satellite. We also find
c© 0000 RAS, MNRAS 000, 000–000
Satellite census and LMC mass 7
101 102 103
rh (pc)
8
6
4
2
M
v (
m
ag
)
MW sat
LMC sat
Figure 6. Half-light radius versus magnitude for our sample of satellites.
The likely LMC satellites are shown in red while the other satellites incon-
sistent with an LMC origin are shown in black. We also include Col 1 and
Ret 3 as not having an LMC origin since there are no radial velocities for
which they would have an appreciable probability of being an LMC satel-
lite. The properties of these dwarfs come from Drlica-Wagner et al. (2015a,
2016); Koposov et al. (2015a, 2018); Laevens et al. (2015b,a); Martin et al.
(2015); McConnachie (2012); Torrealba et al. (2016a, 2018, 2019).
that there are radial velocities for which Eri 3 would likely be an
LMC satellite. Their remaining satellites still do not have complete
measurements of their kinematics. However, as mentioned above,
we find Ret 3 is very unlikely to be an LMC satellite.
Finally, our results can also be compared with those of Kalli-
vayalil et al. (2018). Using a different technique based on a single
cosmological simulation, they identified Car 2, Car 3, Hor 1, and
Hyi 1 as likely LMC satellites, in agreement with this work. They
also identified Ret 2, Tuc 2, and Gru 1 as inconsistent with the
LMC at the 3σ level in velocity. However, our analysis suggests
that Ret 2 is likely to be an LMC satellite. This discrepancy may be
due to the modest LMC mass of 3.6 × 1010M used in Kallivayalil
et al. (2018). Furthermore, they suggest that Hya 2 and Dra 2 could
be LMC satellites although these are essentially ruled out as LMC
satellites in this work. Finally, they also argued that Phe 2 could be
an LMC satellite based on their prediction of its proper motion and
the existence of an overdensity of stars with that proper motion in
Gaia DR2. Our analysis which makes use of the observed proper
motion and radial velocity from Fritz et al. (2019) finds that Phe 2
is a likely LMC satellite.
4.2 Structural properties of dwarfs
Now that we can distinguish which satellites belong to the Milky
Way and the LMC, we can contrast their structural properties. In
Figure 6 we compare the half-light radius versus magnitude for
objects with 6d data; here the LMC satellites are shown in red
and the Milky Way satellites shown in black. At a fixed magni-
tude, the LMC satellites appear to be smaller. This could be a sign
that the tidal radii of the LMC satellites are smaller since they or-
bit a less massive host compared to the Milky Way satellites. This
is also interesting in the context of similar comparisons between
Milky Way satellites and those of M31 where it was found that the
M31 satellites were larger by a factor of 2 (McConnachie & Ir-
win 2006). However, a subsequent and more detailed analysis con-
cluded that this difference was not statistically significant (Brasseur
et al. 2011).
4.3 Satellite planes around the LMC
Jethwa, Erkal & Belokurov (2016) found 7 satellites (Gru 1,
Gru 2, Phe 2, Tuc 2, Tuc 3, Tuc 4, Tuc 5) reside in a thin
plane around the LMC. This is especially interesting given the
planes of satellites around the Milky Way (e.g. Lynden-Bell 1976;
Pawlowski, Pflamm-Altenburg & Kroupa 2012), Andromeda (Ibata
et al. 2013), and Centaurus A (Mu¨ller et al. 2018). While they found
this plane was significant, they also noted that their models showed
that Gru 1, Gru 2, and Tuc 3 were likely to be MW satellites. From
the results of this work, we confirm that Gru 1 and Tuc 3 are not as-
sociated with the LMC. Gru 2 is also not associated with the LMC
since there is no radial velocity for which it has a significant LMC
membership probability. Furthermore, we find that Tuc 2 is also not
associated with the LMC. Of the remaining satellites, we confirm
that Phe 2 is an LMC satellite, that Tuc 4 has a chance of being
an LMC satellite. We did not investigate Tuc 5 due to the lack of
proper motions. Therefore, at most 3 out of the original 7 satellites
are associated with the LMC which makes the plane less signifi-
cant.
In Figure 7 we show the on-sky distribution of satellites near
the LMC along with their classification from this work using the
Magellanic Stream coordinate system from Nidever, Majewski &
Butler Burton (2008). While the plane from Jethwa, Erkal & Be-
lokurov (2016) is now less significant, we find that the majority (5
out of 7) of the known LMC satellites do reside in a thin plane. In
order to check whether the kinematics of these satellites are con-
sistent with a long-lived plane, we show their proper motions of
relative to the LMC. This is done by taking the 3d velocity of each
satellite, subtracting the 3d velocity of the LMC, and computing
the resulting proper motion as viewed from the Sun. Since many of
the LMC satellites have substantial velocity components perpen-
dicular to the plane, we conclude that the plane is likely a chance
alignment.
4.4 Change to satellite orbits
Since we follow the orbits of the satellites over the past 5 Gyr, we
can study how these change due to the inclusion of the LMC. This
is particularly useful for understanding which satellites should be
tidally affected by the Milky Way. For this comparison, we use the
orbits computed in Section 2.2 for an LMC mass of 2.5 × 1011M,
as well as orbits computed without the influence of the LMC. For
each satellite, we compute the median pericenter with respect to
the Milky Way. In Table 2 we show the satellites whose median
pericenters change by 25% or more. Note that in this search we
ignore the 7 satellites we have associated with the LMC.
Interestingly, both Ant 2 and Cra 2 have significantly smaller
pericenters in the presence of the LMC. Both of these satellites are
quite diffuse and strong tidal disruption has been suggested as being
responsible for this (e.g. Sanders, Evans & Dehnen 2018; Torrealba
et al. 2019). This shows that it is crucial to model these systems in
the presence of the LMC if we want to understand their genesis.
In order to assess the significance of this change to the satel-
lite orbits, we find the orbits of these satellites in a 25% more mas-
sive Milky Way halo as in Section 2.2. This increase in Milky Way
mass lowers the pericenters by an average of 4%, with a maximum
change of 8% for Ant 2. This is much smaller change than the ef-
fect of including the LMC, suggesting that it is crucial to include
the LMC for these satellites.
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Figure 7.On-sky distribution of satellites around the LMC showing a possi-
ble plane of satellites. The distribution is shown in Magellanic Stream (MS)
coordinates (Nidever, Majewski & Butler Burton 2008). The red triangle
shows the LMC, the red circle shows the SMC, and the red squares show
high probability LMC satellites identified in this work. The black circles
show the satellites inconsistent with an LMC origin and the grey diamonds
show satellites without radial velocities for which we did determine mem-
bership. Arrows show proper motions relative to the LMC as described in
the text. The two satellites without radial velocities close to the plane are
Tuc 4 and Gru 2.
Satellite Pericenter inc. LMC Change to pericenter
Ant 2 25.7+9.3−7.6 kpc 0.63
Cra 2 19.7+11.3−7.6 kpc 0.41
Her 1 72.3+22.0−27.6 kpc 1.25
Tuc 3 2.1+1.8−1.6 kpc 0.75
Carina 73.3+25.3−13.4 kpc 0.69
Draco 73.1+7.9−10.1 kpc 1.96
Ursa Minor 71.3+6.7−6.4 kpc 1.66
Table 2. Change to pericenter of satellite orbit with respect to the Milky
Way. The middle column gives the median pericenter, with 1σ scatter, of
the satellite with respect to the Milky Way in the presence of a 2.5×1011M
LMC. The third column shows the fractional change of this median pericen-
ter from satellite orbits without the influence of the LMC.
4.5 Expected number of satellites around the LMC
Jethwa, Erkal & Belokurov (2016) predicted that the number of
LMC satellites in the magnitude range −7 < MV < −1 was 70+30−40.
This calculation was based on matching the observed luminosity
function and used membership probabilities calculated without any
proper motion information. Now that we have an improved deter-
mination of the satellites’ LMC membership, we can update this
calculation. This is done by taking the probabilities of being an
LMC satellite from Jethwa, Erkal & Belokurov (2016) and replac-
ing them with 1 or 0 depending on how we have classified them in
this work. If the satellites do not have 6d information (i.e. missing
proper motions or radial velocities), we keep the probability as de-
termined by Jethwa, Erkal & Belokurov (2016). We then compute
the expected number of LMC satellites with these updated proba-
bilities, compare this with the expectation value in Jethwa, Erkal &
Belokurov (2016), and scale the total number of satellites by this
ratio. This reduces the expected number of satellites slightly to 60.
Thus we conclude that there is a large number of LMC satellites
still to be found given that we have only identified 7 in this work.
5 CONCLUSIONS
This work confirms the LMC group infall found in Kallivayalil
et al. (2018) with an independent technique and extends the num-
ber of LMC satellites. In addition to the SMC, we identify six dwarf
galaxies as being highly likely bound to the Cloud previously: Car
2, Car 3, Hor 1, Hyi 1, Phe 2, and Ret 2. Furthermore, we find that
there exist radial velocities for which Eri 3 has a significant prob-
ability of being an LMC satellite (pLMC > 0.4). Having tested our
method on cosmological simulations, we believe that dwarfs with
a modest probability of being LMC satellites (i.e. Hor 2 and Tuc
4) should be reconsidered once additional (better) data is available.
Tests with cosmological simulations also showed that as the obser-
vational errors are reduced, the certainty with which we can classify
satellites as belonging to the LMC will improve.
Assuming that these 7 satellites identified here do belong to
the LMC, we estimate that the Cloud’s mass should be > 1.24 ×
1011M. This estimate is tested with a cosmological simulation
where we find that given the current observational errors, this lower
bound may be overestimated. As the observational errors are re-
duced, this lower bound will become more accurate and thus it
should be revisited once better proper motions, e.g. from Gaia
DR3, are available.
We also explore the orbits of the Milky Way satellites and find
that several satellites have a large change in their orbit once the
LMC is included. Most interestingly, in the presence of the LMC,
both Ant 2 and Cra 2 are on orbits with small(er) pericentric pas-
sages with respect to the Milky Way. It is possible that tidal dis-
ruption on these adjusted orbits can naturally explain their diffuse
properties (as proposed in Sanders, Evans & Dehnen 2018; Torre-
alba et al. 2019) which shows that it is crucial to include the LMC
when studying the evolution of Milky Way satellites.
The ability to distinguish LMC satellites from that of the
Milky Way opens up the prospects of better understanding the ultra-
faint dwarf satellites of both the Milky Way and the Cloud. Previ-
ous analyses of the Milky Way satellites have avoided the dwarfs
recently discovered in the DES data due to the possible contami-
nation by the LMC (e.g. Jethwa, Erkal & Belokurov 2018). Since
the ultra-faint dwarfs in DES are also some of the faintest satellites
detected, the constraints these studies placed on the nature of dark
matter can now be improved.
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APPENDIX A: DWARF PROPERTIES
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Properties of dwarf satellites
Dwarf α δ Distance vlos µ∗α µδ Cµ∗α ,µδ References
deg deg kpc km/s mas/yr mas/yr Pos. Dist. RV PM
Likely LMC satellites
Car 2 114.1066 −57.9991 36.2 ± 0.6 477.2 ± 1.2 1.886 ± 0.076 0.079 ± 0.070 − 1 1 2 3
Car 3 114.6298 −57.8997 27.8 ± 0.6 284.6 ± 3.4 3.035 ± 0.120 1.558 ± 0.136 − 1 1 2 3
Hor 1 43.8700 −54.1100 87.0 ± 12.0 112.8 ± 2.6 0.901 ± 0.070 −0.583 ± 0.067 − 4 4 5 3
Hyi 1 37.3890 −79.3089 27.6 ± 0.5 80.4 ± 0.6 3.865 ± 0.159 −1.450 ± 0.135 − 6 6 6 3
Phe 2 354.9975 −54.4060 83.18 ± 7.66 32.9 ± 4.5 0.49 ± 0.11 −1.03 ± 0.12 −0.48 7 7 8 9
Ret 2 53.9200 −54.0500 32.0 ± 3.0 62.8 ± 0.5 2.393 ± 0.040 −1.300 ± 0.048 − 4 4 10 3
SMC 13.1867 −72.8286 62.1 ± 1.9 145.6 ± 0.6 0.772 ± 0.063 −1.117 ± 0.061 − 11 12 13 14
Inconsistent with LMC origin
Ant 2 143.8868 −36.7673 129.4 ± 6.5 290.7 ± 0.5 −0.095 ± 0.018 0.058 ± 0.024 − 15 15 15 15
Aqu 2 338.4813 −9.3274 107.9 ± 3.3 −71.1 ± 2.5 −0.491 ± 0.306 −0.049 ± 0.266 − 16 16 16 17
Boo 1 210.0225 14.5006 66.0 ± 2.0 101.8 ± 0.7 −0.472 ± 0.046 −1.086 ± 0.034 − 18 19 20 3
Boo 2 209.5213 12.8586 42.0 ± 2.0 −117.0 ± 5.2 −2.517 ± 0.325 −0.602 ± 0.235 − 21 21 22 3
Com 186.7458 23.9076 42.0 ± 2.0 98.1 ± 0.9 0.546 ± 0.092 −1.726 ± 0.086 − 23 24 25 3
Cra 2 177.310 −18.413 117.5 ± 1.1 87.4 ± 0.6 −0.17 ± 0.07 −0.07 ± 0.05 − 26 26 27 27
Dra 2 238.1983 64.5653 21.5 ± 0.4 −347.6 ± 1.8 1.170 ± 0.297 0.871 ± 0.303 − 28 29 30 3
Eri 2 56.0878 −43.5332 380.2 ± 35.1 75.6 ± 2.4 0.159 ± 0.292 0.372 ± 0.34 −0.257 7 7 2 31
Gru 1 344.1765 −50.1633 120.2 ± 11.1 −140.5 ± 2.0 −0.256 ± 0.173 −0.447 ± 0.241 0.246 7 7 32 31
Her 1 247.7700 12.7900 132.0 ± 6.0 45.0 ± 1.1 −0.16 ± 0.09 −0.41 ± 0.07 − 27 33 27 27
Hya 2 185.4254 −31.9853 134. ± 12. 303.1 ± 1.4 −0.417 ± 0.402 0.179 ± 0.339 − 34 34 35 17
Seg 1 151.7633 16.0736 23.0 ± 2.0 208.5 ± 0.9 −1.867 ± 0.110 −3.282 ± 0.102 − 36 37 38 3
Seg 2 34.8167 20.1753 35.0 ± 2.0 −40.2 ± 0.9 1.650 ± 0.143 −0.065 ± 0.094 − 39 39 40 3
Tri 2 33.3225 36.1783 30.0 ± 2.0 −381.7 ± 1.1 0.651 ± 0.193 0.592 ± 0.164 − 41 41 42 3
Tuc 2 343.0600 −58.5700 58.0 ± 8.0 −129.1 ± 3.5 0.936 ± 0.057 −1.232 ± 0.072 − 4 4 32 3
Tuc 3 359.1500 −59.6000 25.0 ± 2.0 −102.3 ± 0.4 −0.014 ± 0.038 −1.673 ± 0.040 − 43 43 44 3
UMa 1 158.6850 51.9261 97.3 ± 6.0 −55.3 ± 1.4 −0.659 ± 0.093 −0.635 ± 0.131 − 45 46 25 3
UMa 2 132.8744 63.1331 34.7 ± 2.0 −116.5 ± 1.9 1.661 ± 0.053 −1.870 ± 0.065 − 23 47 13 3
Wil 1 162.3413 51.0528 45.0 ± 10.0 −12.8 ± 1.0 0.382 ± 0.119 −1.152 ± 0.216 − 36 48 49 3
Carina 100.4029 −50.9661 105.0 ± 6.0 222.9 ± 0.1 0.495 ± 0.015 0.143 ± 0.014 −0.08 50 11 11 50
Draco 260.0517 57.9153 76.0 ± 6.0 −291.0 ± 0.1 −0.019 ± 0.009 −0.145 ± 0.010 −0.08 50 11 11 50
Fornax 39.9971 −34.4492 145.75 ± 7.85 55.3 ± 0.1 0.376 ± 0.003 −0.413 ± 0.003 −0.09 50 51 11 50
Leo 1 152.1171 12.3064 254.0 ± 15.0 282.5 ± 0.1 −0.097 ± 0.056 −0.091 ± 0.047 −0.51 50 11 11 50
Leo 2 168.3700 22.1517 233.0 ± 14.0 78.0 ± 0.1 −0.064 ± 0.057 −0.21 ± 0.054 0.05 50 11 11 50
Sagittarius 283.8313 −30.5453 26.0 ± 2.0 140.0 ± 2.0 −2.692 ± 0.001 −1.359 ± 0.001 0.09 50 11 11 50
Sculptor 15.0392 −33.7092 86.0 ± 6.0 111.4 ± 0.1 0.082 ± 0.005 −0.131 ± 0.004 0.23 50 11 11 50
Sextans 153.2625 −1.6147 86.0 ± 4.0 224.2 ± 0.1 −0.496 ± 0.025 0.077 ± 0.02 −0.45 50 11 11 50
Ursa Minor 227.2854 67.2225 76.0 ± 3.0 −246.9 ± 0.1 −0.182 ± 0.01 0.074 ± 0.008 −0.34 50 11 11 50
Satellites with missing radial velocities
Col 1 82.8570 −28.0425 181.97 ± 18.44 − −0.02 ± 0.25 −0.04 ± 0.3 −0.22 52 43 − 9
Eri 3 35.6897 −52.2837 87.1 ± 8.0 − 1.06 ± 0.24 −0.48 ± 0.24 −0.12 7 7 − 9
Gru 2 331.0200 −46.4400 52.97 ± 5.12 − 0.43 ± 0.08 −1.45 ± 0.12 0.24 43 43 − 9
Hor 2 49.1338 −50.0181 78.0 ± 8.0 − 0.82 ± 0.42 −0.04 ± 0.66 0.07 53 53 − 9
Pic 1 70.9475 −50.2831 114.82 ± 10.57 − 0.01 ± 0.19 0.2 ± 0.25 −0.2 7 7 − 9
Ret 3 56.3600 −60.4500 91.62 ± 13.08 − −1.02 ± 0.31 −1.23 ± 0.38 0.39 43 43 − 9
Tuc 4 0.7300 −60.8500 48.08 ± 4.21 − 0.63 ± 0.23 −1.71 ± 0.22 −0.3 43 43 − 9
Table A1. Properties of dwarf satellite sample considered in this work. (1) Torrealba et al. (2018), (2) Li et al. (2018), (3) Simon (2018), (4) Bechtol et al.
(2015), (5) Koposov et al. (2015b), (6) Koposov et al. (2018), (7) Koposov et al. (2015a), (8) Fritz et al. (2019), (9) Pace & Li (2019), (10) Simon et al.
(2015), (11) McConnachie (2012), (12) Graczyk et al. (2014) , (13) Harris & Zaritsky (2006), (14) Kallivayalil et al. (2013), (15) Torrealba et al. (2019) , (16)
Torrealba et al. (2016b), (17) Kallivayalil et al. (2018) , (18) Okamoto et al. (2012), (19) Dall’Ora et al. (2006), (20) Koposov et al. (2011), (21) Walsh et al.
(2008), (22) Koch et al. (2009), (23) Mun˜oz, Geha & Willman (2010), (24) Musella et al. (2009), (25) Simon & Geha (2007), (26) Torrealba et al. (2016a),
(27) Fu, Simon & Alarco´n Jara (2019), (28) Laevens et al. (2015a), (29) Longeard et al. (2018), (30) Martin et al. (2016), (31) Fritz et al. (2018) (Note that
we used the proper motions from the original arXiv version of this paper), (32) Walker et al. (2016), (33) Musella et al. (2012), (34) Martin et al. (2015), (35)
Kirby, Simon & Cohen (2015), (36) Martin, de Jong & Rix (2008), (37) Belokurov et al. (2007), (38) Simon et al. (2011), (39) Belokurov et al. (2009), (40)
Kirby et al. (2013), (41) Laevens et al. (2015c), (42) Kirby et al. (2017), (43) Drlica-Wagner et al. (2015b), (44) Simon et al. (2017), (45) Okamoto et al.
(2008), (46) Garofalo et al. (2013), (47) Dall’Ora et al. (2012), (48) Willman et al. (2005), (49) Willman et al. (2011), (50) Gaia Collaboration et al. (2018b),
(51) Karczmarek et al. (2017), (52) Carlin et al. (2017), (53) Kim & Jerjen (2015)
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